Cotton, S. L. (2015). Human body shadowing in cellular device-to-device communications: channel modeling using the shadowed fading model. IEEE Journal on Selected Areas in Communications, 33(1) Abstract-Using device-to-device communications as an underlay for cellular communications will provide an exciting opportunity to increase network capacity as well as improving spectral efficiency. The unique geometry of device-to-device links, where user equipment is often held or carried at low elevation and in close proximity to the human body, will mean that they are particularly susceptible to shadowing events caused not only by the local environment but also by the user's body. In this paper, the shadowed κ − μ fading model is proposed, which is capable of characterizing shadowed fading in wireless communication channels. In this model, the statistics of the received signal are manifested by the clustering of multipath components. Within each of these clusters, a dominant signal component with arbitrary power may exist. The resultant dominant signal component, which is formed by the phasor addition of these leading contributions, is assumed to follow a Nakagami-m distribution. The probability density function, moments, and the moment-generating function are also derived. The new model is then applied to device-to-device links operating at 868 MHz in an outdoor urban environment. It was found that shadowing of the resultant dominant component can vary significantly depending upon the position of the user equipment relative to the body and the link geometry. Overall, the shadowed κ − μ fading model is shown to provide a good fit to the field data as well as providing a useful insight into the characteristics of the received signal.
I. INTRODUCTION
T HE ever increasing demand for high data rate applications on the move has meant that cellular network and mobile hardware designers continue to vigorously push the boundaries on the maximum rate at which information can be transmitted over wireless communications channels. One method of supplementing cellular communications, which is currently gaining significant momentum through IMT-Advanced [1] , is to use network users themselves as relays by employing device-todevice (D2D) communications [2] - [9] . In this device-to-device model, existing cellular infrastructure can be used to setup, control and manage short direct communications links between nearby cellular device users within an operator's network [2] . It has been proposed that the actual level of involvement of cellular operators may range from full control of D2D communications-where the cellular network has responsibility for control plane and data plane functions through to loosely controlled D2D communications-where operators perform access authentication only, thus allowing localized devices to setup and start D2D communications autonomously [3] . Loosely controlled D2D communications will most likely use technologies operating within the unlicensed Industrial Scientific and Medical (ISM) bands centered at 2.45 GHz and 5.8 GHz as most smart devices now come with wireless chipsets that will support at least one of these two frequencies. In this part of the spectrum, D2D users will have to compete with other wireless users, for example those using Bluetooth, Wi-Fi, ZigBee and other proprietary technologies to communicate. As highlighted in [10] , another potential drawback of using established ad hoc networking protocols for D2D communications is that they may require direct user intervention to establish network connections, a feature which is likely to prove unpopular with end users. In contrast, fully controlled D2D communications will almost certainly use cellular frequencies, as the network operator will need to regulate all aspects of the D2D connection. One of the key advantages of using licensed cellular frequency allocations for D2D communications is that they can be effectively managed using current infrastructure to limit potential interference from other nearby users. An architecture for this was proposed in [2] , where D2D communications were considered as an underlay for a Long Term Evolution (LTE) Advanced network. Using dedicated signaling for session setup and the automatic handover of network routed traffic to D2D links, it was shown that even for the worst case scenario of interference limited D2D communications an increase in the total throughput in a local cell area can be achieved.
Reducing interference in D2D communications will require judicious adaptive power control that not only aims to reduce interference with other cellular users, but also takes into account fading and User Equipment (UE) mobility. This will be essential to ensuring that D2D links can be practically maintained and assist with the decision as to whether a link should be abandoned and data rerouted through another UE or off-loaded to the base station (BS), or equivalently evolved NodeB (eNB) in the case of LTE. Optimal power control for D2D communications [1] , [11] - [13] will therefore require an intricate knowledge of the channel between co-located D2D
This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/ users. In conventional cellular communications the BS is fixed, typically elevated and often relatively free of local scattering. However in D2D channels, both the transmitter and receiver are in close proximity to the human body (e.g., in a pocket or held), often in motion and at relatively low elevation compared to base stations. Due to the nature of human behavior, D2D communications links will be subject to stochastic shadowing events caused by the user's body [14] , [15] intersecting and shadowing the direct line of sight (LOS) signal path between UEs. Furthermore, as humans may spend a significant amount of time in populated environments, these links will also be heavily susceptible to shadowing and scattering caused by differing pedestrian densities as well as being affected by other obstacles such as vehicles, buildings and vegetation.
In this paper a novel, very general statistical model is proposed in which the resultant dominant component is subject to random shadowed fading. The utility of the new model for characterizing signal reception in D2D communications is then validated through field measurements. In this model clusters of multipath are assumed to have scattered waves with identical powers, alongside the presence of elective dominant signal components-a scenario which is identical to that observed in κ − μ fading [16] . The κ − μ distribution is an extremely versatile fading model which contains as special cases other important distributions such as the One-Sided Gaussian, Rice (Nakagami-n), Nakagami-m and Rayleigh distributions. While the model proposed here inherits all of this generality, the critical difference between this model and that of κ − μ fading is that the resultant dominant component, formed by phasor addition of the individual dominant components 1 is assumed to be random. In particular it is assumed that this resultant dominant component follows a Nakagami-m distribution. Hence the model proposed here is appropriately named as the shadowed κ − μ fading model.
The remainder of this paper is organized as follows. Section II presents a discussion of the main propagation phenomena likely to be associated with shadowed fading in D2D channels. The complex signal model proposed for shadowed κ − μ fading in wireless communications channels is introduced in Section III. Novel expressions for the probability density function (PDF), moments and moment generating function (MGF) of the shadowed κ − μ fading model are also derived in Section III. Section IV presents the measurement setup used for the experimental part of this study. In Section V, an empirical validation of the proposed model is provided using a range of experiments aimed at replicating the shadowing conditions likely to be encountered in outdoor D2D channels. Finally, Section VI finishes the paper with some concluding remarks.
II. SIGNAL RECEPTION IN SHADOWED D2D COMMUNICATIONS CHANNELS
In the closely related research area of body centric communications, where wireless devices are also used in close proximity to the human body, the impact of shadowing upon physical layer links is reasonably well established [15] , [17] , [18] . For example in a low multipath environment [15] , it was observed that the link between a chest worn patch antenna operating at 2.45 GHz and an identical antenna placed on a non-conductive pole at the same elevation deteriorated by 50 dB when the user's body turned to obstruct the main LOS path at a separation distance of 1 m. Clearly, shadowing caused by the human body can have a considerable effect upon the communications channel. This will be particularly prevalent in D2D communications, where the UE is often held in the user's hand, operated close to the head and positioned next to the user's body (e.g., in a pocket). Therefore, to engineer not only robust power control mechanisms but also hardware such as antennas and transceiver circuitry and optimize protocols to be used in D2D communications, the impact of human body shadowing should be included in physical layer models used to describe signal reception.
For small changes in separation distance (i.e., on the order of wavelengths), Fig. 1 highlights the main propagation mechanisms encountered at ultra-high frequencies (from 300 MHz to 3 GHz) for device-to-device links in which the direct link between UEs is shadowed by the human body. If we initially consider the link between UE 1 and UE 2 , here both devices are located in a pocket at the respective user's waist. As we can see the main LOS signal path from UE 1 to UE 2 is obscured by the second user's body. In this instance, if we initially ignore specular and multipath signal components generated by the local surroundings, the D2D link will be formed by a combination of reflected, diffracted, surface wave propagation [19] and nonhomogeneous scattering from the second user's body in which none, one or more of these processes may instantaneously dominate the signal reception. To complicate matters further, due to physiological and biomechanical processes associated with the human body, the shadowing effect caused by the body will quite often be non-deterministic and must be treated as a random process.
As well as the propagation mechanisms discussed above, for the D2D link between UE 3 and UE 4 ( Fig. 1) , multipath generated by the local environment is also present which contributes to the overall signal reception. In this scenario, multipath clusters produced by the building and car will help mitigate the shadowing effect of the body. Within each of the clusters generated by the local surroundings, a signal component of arbitrary power may exist (e.g., caused by a specular reflection), which dominates over all of the scattered waves in that cluster. Given the proposed physical propagation phenomena described above, it seems plausible to assume that the received signal in shadowed D2D channels undergoes the same propagation mechanisms as that encountered in κ − μ fading [16] except in this instance the resultant dominant component, which is formed by the phasor addition of the leading signal components in the channel, is a random variable.
III. THE SHADOWED κ − μ FADING MODEL
Shadowed fading of the received signal has been observed in other areas of communications outside D2D communications such as land mobile satellite channels [20] , [21] . Here shadowing of the LOS signal component is caused by complete or partial blockage of the LOS by environmental factors such as buildings, trees, hills and mountains etc., which in turn make the amplitude of the LOS component a random variable [20] . In [21] , it is assumed that the short-term signal variation is due to Rice fading, in which the LOS component is shadowed and modeled by a lognormal distribution. This approach, however, can lead to statistical formulations which are difficult to manipulate analytically, and in the case of Loo's shadowed fading model [21] an expression which has no closed form. Following [20] the resultant dominant signal component in the model proposed here to represent shadowed fading in D2D communications is considered as being Nakagami-m distributed due to its ability to approximate the lognormal distribution [22] and its mathematical tractability.
The complex received signal envelope R exp(jθ) for this new model may be written as the sum of the resultant scattered waves (W ) and the resultant dominant component (Δ) such that
where W , as shown in [16] , follows a Nakagami-m distribution and Δ is also assumed to be Nakagami-m distributed. In this model, φ 0 is the phase of the resultant dominant component and φ is the stationary random phase process associated with W [23] distributed over the range [−π, π). If Δ is initially held constant, then the conditional probability density function of R is given by
which is that of the κ − μ distribution [16] parameterized in terms of δ, σ, and μ, and I ν (•) is the modified Bessel function of the first kind, order ν. Here κ is related to δ, σ, and μ through the relationship [16] 
which is simply ratio of the total power of the dominant components (δ 2 ) to the total power of the scattered waves (2μσ 2 ) where μ > 0 is related to the multipath clustering and the mean power is given by [16] 
To determine the distribution of R when Δ varies according to the Nakagami-m distribution we now calculate the conditional mathematical expectation
where
In (6), Γ(•) is the gamma function and
is the Nakagami parameter where var[Δ 2 ] is the variance [24] . In this instance, Ω = E[Δ 2 ] is the average power of the resultant dominant component. In a similar fashion to [20] , in the model proposed here, m is allowed to take any value in the range m ≥ 0 where m = 0 corresponds to complete shadowing of the resultant dominant component and m → ∞ corresponds to no shadowing of the resultant dominant component. As noted in [20] , the extreme cases of m = 0 and m = ∞ cannot be met in reality. Using [25, p. 273, Equation 4 ], and after some mathematical manipulation, (5) can now be written as
is the confluent hypergeometric function [26] . Using equations (2) and (3) to perform a substitution of variables, it how becomes possible to express (7) in terms of κ, μ,r, m and Ω as given in (8), shown at the bottom of the page. The closed-form PDF in (8) is a new result, which models κ − μ fading in which the resultant dominant component is distributed according to the Nakagami-m PDF. It is a general model which will find application in other areas of communications such as land mobile satellite channels [20] , [21] . Indeed Abdi's model, which assumes a shadowed Rice PDF, appears as a special case of (8) which is obtained by setting μ = 1. Because of this relationship, (8) may also be used to approximate the model proposed in [21] which assumes that the LOS amplitude follows a lognormal distribution. Fig. 2 shows the PDF of the shadowed κ − μ fading model for increasing values of μ using the average parameter estimates for land mobile satellite channels given in [20, Table III ]. Also shown for comparison are the PDFs for Abdi [20] and Loo's [21] models respectively. As we can see for the case when μ = 1 (with κ = 2.968 andr = 1), the new model proposed here matches Abdi's model exactly and gives an excellent approximation of Loo's model. Using [27, p. 822, Equation 4 ], the moments of the shadowed κ − μ fading PDF given in (8) can be expressed as (9) , shown at the bottom of the previous page, where n represents the n th moment of the distribution such that n = 0, 1, 2, . . . Letting S = R 2 represent the instantaneous power in the proposed model, the power probability density function can be written as (10) , shown at the bottom of the previous page. A useful function related to (10) is the moment generating function which is defined as M S = E[exp(−ηS)]. It plays an important role in the calculation of the bit error rate (BER) and symbol error rate (SER) of different modulation schemes over fading channels [20] . Letting ρ = 1/μ(1 + κ) and again using [27, 
IV. MEASUREMENT SETUP
The device-to-device links considered in the experimental part of this study were formed using two Nearson S331AM-868 electrically short monopole antennas which were housed in a compact acrylonitrile butadiene styrene (ABS) enclosure. Fig. 3 shows the hypothetical UE alongside the popular Nokia 920 and Samsung Galaxy S2 handsets. As shown in Fig. 3 , the setup was representative of the form factor of a smart phone which allowed the user to hold the device as they normally would to text, browse the net or make a voice call. It also allowed the user to carry the device in the pockets of their clothing. Each antenna was securely fixed to the inside of the enclosure in the position shown in Fig. 3 (c) using a small strip of Velcro. The antennas were connected using low-loss coaxial cables to a Texas Instruments CC1110F32 2 system on chip which featured a CC1101 transceiver. The CC1110 was chosen for a number of reasons. Firstly, it operated within the European 868 MHz ISM band which is close to the 800 MHz LTE operating frequencies used in various parts of the Americas, Asia, Europe and Middle East and also the 850 band used in the US for GSM, IS-95 and 3G any of which could be used for future D2D communications. Secondly it offered straightforward programming of the radio registers and the ability to readily obtain the received signal strength which was critical for validating the use of the shadowed κ − μ fading model proposed in Section III for D2D channels.
For all of the measurements conducted in this study, unless otherwise stated, a device-to-device link was formed between two persons, namely person 1, a male of height 1.83 m and mass 94.7 Kg, and person 2, a female of height 1.57 m and mass 51.4 Kg. The hypothetical smart phone used by person 1 and herein denoted UE 1 was configured to operate at 868.3 MHz using a data rate of 500 kBaud with an output power of 0 dBm. It was programmed to continuously transmit packets with a period of 70 ms to UE 2 used by person 2. UE 2 was configured with a receive filter bandwidth of 812.5 kHz and set to record the packet reception time, sequence number and the received signal strength, which was stored for post-processing on a Dell XPS13 Ultrabook which featured an Intel i5-2467M processor, 4 GB of RAM and a 128 GB SSD. The receiver noise threshold was determined prior to all experiments and the average was found to be −103 dBm. Two primary 3 on-body positions for the UE were considered, namely the head and pocket. For all head measurements the UE was held at a 45 degree angle to the vertical against the respective person's right ear to imitate a voice call. The pocket location for person 1 was a front right trouser pocket, while for person 2 it was the front right pocket (at waist level) of a jacket. The elevation above ground level for each of the positions was as follows: UE 1 head, 1.65 m; UE 1 pocket, 0.80 m; UE 2 head, 1.42 m; UE 2 pocket, 0.85 m.
V. CHANNEL MEASUREMENTS AND MODELING
The results presented in this Section were obtained from experiments performed in an outdoor urban environment. As shown in Fig. 4 , the measurements were conducted in an open space between three buildings in a built up residential area in the suburbs of Belfast in the United Kingdom. Buildings 1 and 3 were two storey dwellings and had the same structural dimensions, while building 2 was a one storey structure. It should be noted that as well as the structural dimensions indicated in Fig. 4 , buildings 1 and 3 had a height of 5.10 m from ground level to the lowest point of the roof level, while building 2 had a height of 2.40 m for the same dimension. The construction of all three buildings was typical of that encountered in the United Kingdom for these types of dwelling, with a brick and concrete block cavity wall structure, a number of double glazed exterior windows and a mixture of wooden and unplasticized polyvinyl chloride (uPVC) doors. In particular, building 1 featured 4 double glazed windows (spread over the ground and first floor levels) and a single uPVC door all situated on the wall adjacent to where the measurements were conducted (AB in Fig. 4) . Building 2 had a single double glazed exterior window and a wooden door on the wall neighboring the measurement area (CD in Fig. 4 ), while building 3 featured two double glazed windows on the first floor level of the bounding wall. In the sequel, a number of different scenarios encompassing user rotation, random movements and mobility were considered. These activities were deemed representative of channel conditions likely to be encountered in everyday D2D links. 
A. Shadowed Fading Due to User Rotation and Random Movements
To assess the impact of user rotation in D2D links, UE 1 was initially held at person 1's head while they performed several repeated full 360 degree rotations directly in front of UE 2 at separation distances of 1 m, 5 m, 10 m, and 15 m (Fig. 4) . Person 2 remained stationary for the duration of the measurements, facing in the direction of person 1, with UE 2 positioned at their head. This process was then repeated for UE 1 positioned in person 1's right trouser pocket and then again for UE 2 in person 2's front right jacket pocket. As a baseline, and to observe the potential impact of the human body in determining the received signal characteristics in D2D channels, Fig. 5 shows a 30 second segment of the received signal power time series when both UE 1 and UE 2 were positioned 5 m apart in free space using non-conductive stands. To allow a direct comparison with the UE 1 head to UE 2 head channel, the UEs were mounted on the stands using the same orientation i.e., at a 45 degree angle to the vertical with the same elevation from ground level. It should be noted that the very slight variation in the long-term mean signal level recorded for the baseline measurements was caused by local weather conditions on the day of measurements, which were windy. Fig. 5 also shows the received signal power time series for the UE 1 head to UE 2 head channel when the user performed several repeated rotations at the same 5 m separation distance. The quasi-periodic variation of the received waveform caused by the movement (and associated shadowing) of the human body is clearly evident. What is more striking is that when the UEs were held in close proximity to the human body, peak-totrough fade depths at this frequency can be as great as 30 dB. As shown in Fig. 5 , this trend was also repeated when UE 1 was placed in person 1's trouser pocket. From these results alone, it is quite clear that human body shadowing will have a significant impact upon fading characteristics in D2D communications. 6 shows the PDF of the shadowed κ − μ fading model fitted to the empirical PDF of the signal amplitude for the UE 1 head to UE 2 head and UE 1 pocket to UE 2 head channels while the user rotated at the 5 m separation distance. For convenience, the rms signal level,r = E[R 2 ] is removed from the fading envelopes to enable a direct comparison of the fading characteristics for both links. All parameter estimates for the PDF of the shadowed κ − μ fading model were obtained using the lsqnonlin function available in the Optimization toolbox of MATLAB. As we can see, the PDF of the shadowed κ − μ fading model provides a good fit to the empirical PDF, particularly at low signal levels. It should be noted that a secondary mode was apparent in both empirical PDFs shown in Fig. 6 . The origin of these artefacts may be explained as follows-to achieve a realistic characterization of shadow fading due to user rotation, the empirical PDF was constructed from a continuous data set in which the test subject performed a number of repeated rotations during a 60 second period. Considering the UE 1 head to UE 2 head (black trace) shown in Fig. 5 , a clear pattern of signal variation from maxima (direct LOS) to minima (maximum shadowing) can be identified. However it can also be seen that due to slight differences in the test subject's gait while repeating the rotational movement, the received signal waveform varies between repetitions, in the process introducing different signal modes.
Also shown inset in Fig. 6 is the distribution of the resultant dominant component for each of the links plotted using equation (6) . As we can see from Fig. 6 , the characteristics of the shadowed fading of the resultant dominant component vary considerably, dependent upon whether UE 1 is positioned at the head or pocket. Although not shown due to space limitations, for the other rotational measurements (i.e., 1 m, 10 m, and 15 m), the estimated m parameter of the resultant dominant component was typically less than 0.5. This suggests that during user rotation, the resultant dominant component in outdoor D2D links will be subject to heavy shadowing.
For the random movements, person 1 stood at the 10 m position and person 2 took up their normal position as shown in Fig. 4 . Both persons were initially stationary, in direct LOS and had the UEs positioned at their heads. They were then instructed to move around randomly within a circle of radius 1 m from their starting points while imitating a voice call. Fig. 7(a) shows the received signal power time series for the UE 1 head to UE 2 head channel while the users performed random movements. Due to the constantly changing orientation and posture of both persons, this channel was subject to considerable shadowed and multipath fading. This was confirmed by the parameter estimates for (8) , hereμ andm were found to be 1.78 and 0.55 respectively which suggested both clustering of the multipath components and strong shadowing of the resultant dominant component. As we can see from Fig. 7(b) , the PDF of the shadowed κ − μ fading model given in (8) provides an excellent fit to the measured data, while Fig. 7(c) shows the shadowing characteristics of the resultant dominant component.
B. Shadowed Fading Due to User Mobility
The next set of outdoor experiments were conducted along a 15 m straight line walk path, 1.7 m from the side of building 1 as shown in Fig. 4 . For these measurements, the UEs were either positioned at the person's head or in their pocket as before. Person 2 again stood stationary, with their arms by their sides, facing in the direction of person 1. Person 1 then walked from the 15 m point to the point 1 m directly in front of person 2 before returning to the 15 m starting point. Prior to assessing the impact of UE mobility in D2D channels, the influence of the local environment upon the received signal characteristics was investigated. In a similar fashion to the baseline measurements detailed above, UE 1 and UE 2 were again mounted on non-conductive stands with the hypothetical smart phones orientated to imitate being held at both users' head. The stand supporting UE 1 was then attached to a non-conductive trolley and moved along the walk path in the direction of UE 2 . Fig. 8(a) shows the measured received signal power time series for UE 1 and UE 2 oriented in the same configuration as a UE 1 head to UE 2 head channel however without the effect of the human body. As we can quite clearly see, when UE 1 was moved towards UE 2 there was a slow (or large-scale) fading component superimposed on the received signal by the local surroundings. Fig. 8(a) also shows the estimated received signal power which was determined from the measurements by converting the approximate velocity of the trolley to a distance and then fitting the log-distance path loss, P dB = P dB (d 0 ) + 10n log 10 (d/d 0 ) to the data. Here, the path loss exponent is represented by n and the reference distance d 0 was taken to be 1 m. As shown in Table I , for this environment n was found to be 2.1 which is close to that for free space. The slow fading component, was then found by calculating the local mean over a distance of 5 wavelengths. Here, as elsewhere [30] , the slow fading amplitude, X, is modeled as a lognormal process which is distributed according to
where α and β are the location and scale parameters respectively. For all mobile measurements presented below, the same data treatment was applied. This process enabled the extraction of the shadowed fading which was due to the human body.
Figs. 8(b) and 8(c) show an example of the received signal power time series for the UE 1 head to UE 2 head channels as person 1 walked towards and then away from person 2 respectively. Also shown for comparison is the estimated received signal power based on the path loss and local mean signal level. The parameter estimates for n, P dB (d 0 ) and α and β are given in Table I . Fig. 9 shows the empirical and theoretical PDFs for the UE 1 head to UE 2 head channel as person 1 walked towards and then away from person 2. As we can see, the PDF of the shadowed κ − μ fading model given in (8) provides an excellent fit to the data proving the utility of the model for mobile D2D links. From Fig. 9 it is also evident that when person 1 walked in the direction of person 2, there was a strong resultant dominant component which was virtually unshadowed. However, when person 1 turned to walk Fig. 9 . Empirical and theoretical probability densities for UE 1 head to UE 2 head channel while person 1 was walking towards and away from person 2. Also shown inset is the distribution of the resultant dominant component. All parameter estimates are given in Table I. away from person 2 the dominant component became heavily shadowed and the signal received was primarily due to multipath propagation. As Table I shows, multipath clustering was evident for the UE 1 head to UE 2 head (μ = 3.22) and UE 1 head to UE 2 pocket (μ = 3.13) channels when person 1 walked away from person 2.
Another scenario which is likely to be encountered in D2D communications will occur when one person is browsing the web or "texting" using their smart device. To replicate this, person 1 was instructed to imitate browsing the web on their smart phone by holding UE 1 in their right hand (in front of their body), while at the same time walking along the trajectory shown in Fig. 4 towards and then away from person 2. For these measurements, UE 2 was once again positioned at either person 2's head or front right pocket. The parameter estimates for this scenario are provided in Table I . As we can see, quite strong dominant components were recorded for all of these channels possibly due to the geometry of the scenario in which UE 1 was held at a distance in front of person 1 meaning that UE 1 and UE 2 were always within LOS of each other. With the exception of the scenario in which person 1 emulated browsing the web while walking towards person 2 (UE 2 in person 2's pocket), the estimated m parameters for these channels were always greater than 5 suggesting that little variation of the resultant dominant component is experienced. The excellent fit of (8) to the fading characteristics observed in these channels is once again confirmed in Fig. 10 .
VI. CONCLUSION AND FUTURE WORK
A thorough knowledge of the D2D communications channel will be essential not only for the design of UE hardware, but also robust power control mechanisms and the optimization of protocols to be used in future D2D communications. This paper has focused on a small, but significant, part of this wideranging research problem by investigating the impact of human Fig. 10 . Empirical and theoretical probability densities for all UE 1 browsing scenarios, all parameter estimates are given in Table I. body shadowing in D2D links. To this end, a novel statistical model for shadowed fading in wireless communications channels has been proposed, namely the shadowed κ − μ fading model. In this new model the potential clustering of multipath components is considered alongside the presence of elective dominant signal components-a scenario which is similar to that observed in traditional κ − μ fading. One key difference between κ − μ fading and the model proposed here is that the resultant dominant component, formed by the phasor addition of the principal signal components, is subject to Nakagami-m fading. The PDF, moments and MGF of this model have been derived and are given in a convenient closed-form solution. The MGF in particular will be essential for calculating the BER and SER of different modulation schemes over shadowed fading channels. Although this new model was derived for the purpose of modeling shadowed fading in D2D communications, it will find application in many communications scenarios in which the received signal is subject to shadowed fading. For example, it will be immediately useful in the study of land mobile satellite communications and body centric communications where the main signal paths may also be subject to random shadowing.
The utility of the shadowed κ − μ fading model for outdoor D2D channels has been thoroughly validated through a series of experiments conducted for typical usage scenarios. It has been found that shadowing of the resultant dominant component can vary significantly depending upon the position of the user equipment relative to the body and the link geometry. For instance in D2D links in which one of the user's rotate, the dominant signal component can be heavily shadowed with the received signal power level varying by as much as 30 dB. In the majority of the D2D links studied here, when one UE is mobile, irrespective of whether the user is moving towards or away from the opposite end of the link, a dominant component can be observed in the statistics of the received signal. A range of the parameter estimates for the shadowed κ − μ fading model have been provided. These will be useful for those working on D2D communications as it will enable the simulation of the received signal for the testing of new D2D technologies.
As a final point, it is worth mentioning that while the characterization of shadowing in D2D channels is an important step towards a fuller understanding of this emerging type of wireless channel, there are many other open research questions relating to the D2D channel. One such issue is the prevalence of frequency selectivity which is known to occur in macro cellular environments. This knowledge will be vital for the successful implementation of technologies for multiuser D2D systems such as chunk-based resource allocation [31] , which use orthogonal frequency division multiple access (OFDMA). Therefore a direct extension of the experimental work conducted in this study will be to investigate the correlation between neighboring frequencies used to support OFDMA for D2D communications.
